INTRODUCTION
The genus Orbivirus within the family Reoviridae is a large group of viruses whose classification has been based primarily upon serological tests. Like other Reoviridae, the genome of orbiviruses consists of 10 or 12 segments of double-stranded RNA. Currently, 13 serogroups of orbiviruses are recognized on the basis of their reactivity in complement fixation (CF) tests (Borden et al., 1971 ; Knudson & Shope, 1985) . Although serology has been and is an important taxonomic tool, serological tests assess the relatedness of genes which encode reactive antigenic determinants. Low level serological reactivities are observed between selected serogroup viruses, and the significance of these findings is difficult to interpret. Since the relatedness of not all genes is examined, these tests should be viewed only as an estimate of the degree of relatedness between viral genomes.
Viruses which belong to the epizootic haemorrhagic disease (EHD), bluetongue and Eubenangee serogroups exhibit variable degrees of serological cross-reactivities depending upon the test and the virus isolates employed. For example, Pata virus, a Eubenangee serogroup member, cross-reacted at low levels in CF tests with members of the bluetongue and EHD serogroups (Borden et al., 1971 ; Gorman et al., 1983) . Although Pata virus has been assigned to the Eubenangee serogroup, the CF results suggest that it could have been placed in the EHD serogroup (Borden et al., 1971) . Cross-reactivity between viruses which belong to different serogroups may indicate a reassortment event in nature or may simply reflect their common ancestry. Nevertheless, these serogroups have been regarded as a cluster or supergroup of related viruses (Borden et al., 1971; Moore & Lee, 1972; Moore, 1974; Gorman, 1979; Della-Porta, 1985) .
Members of the bluetongue, EHD and Eubenangee serogroups are related, albeit distantly. EHD and bluetongue serogroup viruses cause disease in different hosts, deer and sheep respectively. In contrast, Eubenangee serogroup viruses have not been associated with disease in vertebrates (Gorman, 1979) . Culicoides spp. represent the principal vectors for EHD and bluetongue serogroup viruses, whereas Eubenangee serogroup viruses have been isolated primarily from mosquitoes (Erasmus, 1985; Knudson & Shope, 1985; Gonzalez & Knudson, 1988) . While bluetongue virus (BTV) is found worldwide, the bluetongue and EHD serogroup viruses can be sympatric in their geographical distributions. In Colorado, two EHD serotypes and a bluetongue serotype have been isolated from the blood of a heifer (Foster et al., 1980) . Given the biology of bluetongue and EHD serogroup viruses, a potential for genetic interaction exists. There are two approaches to identify segmented RNA viruses which are sufficiently related to interact genetically; either the sequence conservation of all the gene segments must be assessed, or the potential for gene reassortment must be demonstrated. While viruses which exhibit high conservation in gene sequence might be expected to reassort, the degree of sequence relatedness between two orbiviruses which will predict the likelihood of reassortment is unknown.
In this laboratory, RNA-RNA blot hybridization has been used as a rapid means to assess the genetic relatedness of the entire genomes of dsRNA viruses (Bodkin & Knudson, 1985a , b, 1986 Gonzalez & Knudson, 1987 , 1988 . In the serogroups which have been examined, viruses within the serogroup exhibit high levels of sequence conservation in the majority of their genes. Recently, it was demonstrated that Pata virus was only a distant relative to the Eubenangee serogroup viruses, and it was suggested that it should therefore not be classified as a member of that serogroup (Gonzalez & Knudson, 1988) . Inter-serogroup hybridization data on the Eubenangee, Wallal and Warrego serogroups suggested that each serogroup was distinct genetically with low levels of relatedness reflecting their common ancestry (Gonzalez & Knudson, 1988) .
In this report, the genetic relatedness among members of the EHD serogroup, BTV type 10 (BTV-10) and Pata virus is assessed by RNA-RNA blot hybridization. Since Pata virus and members of the bluetongue and EHD serogroups cross-react in CF tests and they have been isolated in Africa, Pata virus was included to determine its taxonomic relationship to the EHD and bluetongue serogroups. Data on gene reassortment in vitro are presented, and they are correlated with the hybridization data to determine the biological significance of low level hybridization signals. These data are discussed relative to the taxonomic relationship of the EHD serogroup viruses, BTV-10 and Pata virus.
METHODS
Virus stocks and tissue culture. Viruses used in this study are listed in Table 1 ; the EHD isolates examined were EHD 1 (Shope et al., 1955 (Shope et al., , 1960 , EHD 2 (Knudson et al., 1982) , IbAr 22619 (Lee et al., 1974) , IbAr 33853 (Lee et al., 1974) and JKT-9133 (Tesh et al., 1986) . Virus stocks were grown in BHK-21 cells in 75 cm 2 flasks. The cells were grown at 37 °C with 5~ CO2 in Glasgow modified MEM (GMEM) containing 10~ tryptose phosphate broth, 10~ calf serum, penicillin (250 U/ml) and streptomycin (200 ~tg/ml) (Stoker & Macpherson, 1961) . BHK-21 cells were maintained at 32 °C in GMEM containing 3~ calf serum, penicillin and streptomycin.
Plaque assay technique. Plaque assays were used to titrate virus stocks and to plate reassortment progeny viruses which resulted from the mixed infections in the reassortant experiments. The agarose nutrient overlay was essentially as described previously (Buckley, 1974) . Petri dishes (60 ram) were seeded at 2 x 106 cells in GMEM and incubated overnight. Virus was diluted in tenfold serial dilutions, and 0.2 ml of each dilution was used to infect cell monolayers. The inoculum was adsorbed for 1 h at ambient temperature. An 8 ml overlay was added to each plate, and the plates were incubated for 3 to 6 days when a second 5 ml overlay containing 0.01 ~ (w/v) neutral red was added.
Preparation of RNA probes. Virus was isolated from infected cells essentially as described by Ramig et al. (1977) .
The dsRNA was extracted and precipitated as described previously (Galliard & Joklik, 1982) . The dsRNA was electrophoresed in low melting point agarose (SeaPlaque, Marine Colloids, Rockland, Me., U.S.A.) to purify the genomic RNA from low molecular weight RNA, and the dsRNA was recovered (Bodkin & Knudson, 1985b Knudson, 1981) . The 3' end-labelling reaction was incubated for 4 h at 4 °C. A sample of the probe was electrophoresed in a polyacrylamide gel to verify the identity of the probe and to ensure that all segments labelled evenly. The probe was denatured by incubation at 95 °C for 5 min, quenched on ice, and hybridized to the membrane.
Agarose gel electrophoresis. Viral dsRNA was extracted from BHK-21 cells grown in a well of a 24 well cluster plate (Travassos da Rosa et al., 1984) . The RNA was 3' end-labelled, and the RNA was electrophoresed through 1% (w/v) agarose (Bodkin & Knudson, 1985b) .
PAGE. Viral dsRNA was extracted from BHK-21 cells grown in 24-well cluster plates. The procedures for PAGE have been described elsewhere (Bodkin & Knudson, 1985a, b) . Approximately equal amounts of viral RNA of the different isolates extracted from a cluster well were electrophoresed in a polyacrylamide gel. An uninfected BHK-21 cell control and reovirus 3 Dearing strain were included in each gel transferred. The polyacrylamide gels which were transferred were stained with ethidium bromide (0.5 ~tg/ml), visualized with u.v. light and photographed. Polyacrylamide gels containing labelled dsRNA from reassortant viruses were prepared using 0.5 mm spacers and a shark's tooth comb, and these gels were electrophoresed for 20 h at 10 mA.
RNA-RNA blot hybridization. The procedure to transfer the dsRNA genome from a polyacrylamide gel to a Zeta-Probe membrane (Bio-Rad) and the conditions for RNA-RNA hybridization at Tm(RNA) -36 °C were described by Bodkin & Knudson (1985a, b) . The blots were washed three times for 20 min at 37 °C in 0.1 x SSC, 0.1~ SDS (w/v) at an equivalent effective temperature of hybridization. The probe was removed from the membrane as described previously (Bodkin & Knudson, 1985a, b) . the two parental virus stocks were added to wells of a sterile microtest plate resulting in varying m.o.i, ratios, and the plate was incubated 1 h at 4 °C. Another plate containing the one-day-old BHK-21 cell monolayers was inoculated with the mixed ratio virus suspensions, and the virus was adsorbed for I h at 32 °C. GMEM containing 3~ bovine serum was added to each well, and the infected plate was incubated at 32 °C. Twenty-four h postinfection, infected cells were harvested and were frozen at -70 °C. The m.o.i, in each well representing the mixed ratio virus infection was determined by plaque assay titration of the virus stocks which was done concurrently with the reassortment experiment. The infected cell harvests from individual wells were thawed, serially diluted, and plated in plaque assays. Plaques were picked, resuspended in 1 ml of maintenance medium, frozen at -70 °C, and thawed. Samples of the plaque-cloned suspensions and of the parent viruses were inoculated into the wells of a 24-well cluster plate. Viral RNA was extracted, electrophoresed in a polyacrylamide gel, and stained with ethidium bromide. The polyacrylamide gel dsRNA profiles were scored for the parental origin of their segments. The dsRNA profiles are usually distinct between serotypes (Gonzalez & Knudsom 1988) . Four of the five EHD serogroup isolates had almost identical agarose profiles (Fig. 1) . Genes 5 and 9 of JKT-9133 migrated faster in the gel than did genes 5 and 9 of the other E H D serogroup isolates. The significance of this minor difference in the JKT-9133 isolate is unknown. Although similar, the agarose profiles of BTV-10 and Pata virus were distinct from each other and from the E H D serogroup isolates. Intra-serogroup dsRNA profiles are similar, but the polyacrylamide gel dsRNA profiles are distinctive (Bodkin & Knudson, 1985b; Gonzalez & Knudson, 1987 , 1988 . The E H D serogroup isolates, BTV-10 and Pata virus exhibited unique polyacrylamide gel profiles (Fig. 2) . Gene 6 comigrated in all the E H D serogroup isolates, and E H D 1 and IbAr 22619 exhibited similar profiles.
In reciprocal R N A R N A blot hybridizations, highly conserved and variant genes between the different isolates were determined by the intensity of hybridization signals. Conserved genes exhibited dark signals, while variant genes exhibited light signals. The cross-hybridization of genes which result in light signals indicate that their shared sequences were approaching the lower limit of 74Yo homology required for the formation of stable hybrids. At Tm(RNA) -36 °C, unique genes or genes which did not form stable hybrids were < 7 4~ homologous.
Genetic relatedness within the E H D serogroup
Reciprocal R N A -R N A blot hybridizations of the five E H D serogroup isolates demonstrated that they were > 74~o homologous in nine of their ten genes. Unique, variant and conserved genes within the E H D serogroup were identified (Fig. 3 and 4a to d) . Gene 2 was unique to some of the E H D serogroup isolates, and genes 5 and 10 were variant (Table 2 ). E H D 1 and IbAr (Fig. 4d) . A conservative estimate of the genetic relatedness of the E H D serogroup viruses based upon the reciprocal hybridizations is presented in Table 2 , and these data are also summarized in Table 3 .
Geographical boundaries could not be correlated with sequence relatedness between E H D serogroup isolates. For example, E H D 1 and IbAr 22619 exhibited a high degree of relatedness by hybridization, and yet, they were isolated from two different continents. Gene 10 of E H D 1 was variant when compared to gene 10 of IbAr 22619. Although IbAr 22619 and IbAr 33853 were isolated from the same locality one year apart, IbAr 22619 gene 2 was unique when compared to IbAr 33853 gene 2 and IbAr 22619 gene 5 was variant when compared to IbAr 33853 gene 5. Therefore, IbAr 22619 and IbAr 33853 were more distantly related to each other than were E H D 1 and IbAr 22619.
Gene reassortment in vitro was demonstrated in the six crosses among four E H D isolates, and these data are presented in * Membranes containing the genome profiles of each of the isolates were hybridized to 1 ~tg of [5'-32p]pCplabelled genomic RNA from each of the other isolates as described in the text.
t Conserved genes exhibited dark signals and were designated ehsg (EHD serogroup gene). :1: Genes which did not cross-hybridize to their cognates were designated by the virus name in uppercase. If two genes cross-hybridized strongly to each other, and they were unique to the other isolates, the gene was identified by the name of the earliest isolate in upper case. Variant genes hybridized weakly to their cognates when they were used as probes and they were designated by the name of the earliest isolate where necessary in lower case letters. Abbreviations used: ehl, EHD 1; eh2, EHD 2; ib3, IbAr 33853; jkt, JKT-9133.
§ These two viruses were unique in this gene with respect to the remaining viruses, but they were variant to each other in this gene. * A summary of the reciprocal hybridization data is presented. t" 1 +, weak cross-hybridization in at least one gene; 2 +, weak cross-hybridization in the majority of genes; 3 +, strong cross-hybridization in the majority of genes; 4+, strong cross-hybridization in all genes; -, no crosshybridization; a blank represents not done.
:~ Pata was used as the last probe to a blot which had undergone multiple cycles of hybridization and removal of the probe. Since some loss of bound RNA has been observed, these designations represent an under-estimate of the signal. reassortant progeny are presented in Fig. 5 . Since these viruses had similar growth characteristics in BHK-21 cells, equal m.o.i, ratios were productive in yielding reassortant progeny. Thus, high sequence conservation in the majority of the viral genes correlated with an ability to interact genetically in mixed infections.
The outer capsid of EHD 1 consists of two major proteins, P2 and P5, and a minor protein P3A (Huismans et al., 1979) . The EHD genes which encode the large surface antigens may be subjected to the strong evolutionary pressure of the vertebrate immune system which may result in sequence divergence in these genes. P2 and P5 may be encoded by genes 2 and 5 which exhibited sequence divergence among the EHD serogroup isolates. Gene 2 which is unique to some of these isolates may encode the neutralization antigen, and these hybridization data correlate with the available neutralization data. For example, EHD 1 and EHD 2 are distinct by plaque reduction tests (Campbell et al., 1978) , IbAr 22619 and IbAr 33853 are distinct by plaque reduction tests (Campbell & St. George, 1986) , and EHD 1 and IbAr 22619 cross-react in crossneutralization tests in suckling mice (Moore & Lee, 1972; Moore, 1974 
Relatedness of EHD, bluetongue and Pata viruses

Inter-serogroup genetic relatedness between the viruses of the EHD serogroup, BTV-IO and Pata virus
Blot hybridization demonstrated that EHD serogroup viruses were distantly related to BTV-10 and Pata virus (Fig. 4a to e) . Highly conserved genes were not seen in inter-serogroup hybridization among the EHD serogroup isolates, BTV-10 and Pata virus (Table 3 ). When Pata virus was used as the probe, its hybridization confirmed that it was only distantly related to the EHD serogroup isolates and BTV-10 (data not shown). The relatedness of the genes among the EHD serogroup isolates, BTV-10 and Pata virus approached the lower limits of detectability under these stringency conditions.
The number of genes which appeared to cross-hybridize between BTV-10 and each of the EHD serogroup isolates was 'not always consistent in the reciprocal hybridization reactions, except for gene 2 which was always unique to BTV-10. Gene 2 of BTV-10 was also unique when compared to gene 2 of Pata virus. G ene 2 of BTV-10 encodes P2 (Kahlon et al., 1983) which has been associated with BTV serotype-specificity ( H u i s m a n s & Erasmus, 1981) , and it exhibited sequence divergence a m o n g five U.S. BTV serotypes examined by R N A -R N A blot hybridization (Kowalik & Li, 1987) .
A BTV-10 gene hybridized to gene 9 of the E H D serogroup isolates more strongly than the other BTV-10 genes hybridized to their cognates in E H D (Fig. 4e) . While the function of E H D gene 9 is u n k n o w n , it may encode E H D P7 which shares antigenic determinants with BTV P7 (Huismans et al., 1979) . The appearance and decline of BTV P7-precipitating antibodies in an infected sheep corresponded to the levels of complement-fixing antibodies suggesting that BTV-10 P7 is the protein which determines group-specificity (Huismans & Erasmus, 1981 analogy, these hybridization data suggest that gene 9 may encode the cross-reactive CF antigen.
Consistent with the distant relationship between EHD l, BTV-10 and Pata virus detectable by blot hybridization, gene reassortment in vitro was not observed in crosses between these isolates (Table 5 ). The parental viruses were present in approximately equal numbers among the progeny, indicating that the cells were infected with both parental viruses without the generation of reassortment progeny. Since reassortment occurred among the EHD isolates under identical conditions and comparable m.o.i, and since these three viruses are not highly related by blot hybridization, the likelihood of their reassortment in nature is diminished. Thus, the low level of cross-reactivity which has been observed among these three viruses probably reflects gene conservation due to common ancestry. If high sequence conservation in the majority of the genes is required for reassortment in vitro, then the role of reassortment in generating inter-serogroup genetic diversity may be minimal.
Genetic relatedness among Orbivirus serogroups
In the Orbivirus serogroups examined thus far, (Bodkin & Knudson, 1985b Gonzalez & Knudson, 1987 , 1988 , isolates which cross-react strongly in CF tests are also highly related by blot hybridization in most of their genes. Likewise, viruses examined from different serogroups which do not cross-react strongly in CF tests are not highly related by blot hybridization (Gonzalez & Knudson, 1988) .
Although Pata virus cross-reacts in CF tests with members of the Eubenangee, bluetongue and EHD serogroups, these low level CF cross-reactivities must be viewed with caution. These hybridization and gene reassortment data suggest that Pata virus is not a member of either the Eubenangee, bluetongue or EHD serogroups (Gonzalez & Knudson, 1988) . Since it is not highly cross-reactive in CF tests with any other known Orbivirus serogroup, its genetic relatedness to the ungrouped set of orbiviruses must be assessed. Mitchell River virus represents another example of a virus which cross-reacts at low levels in serological tests with the Warrego serogroup members, and an examination of intra-serogroup genetic relatedness by hybridization suggests that Mitchell River may also be misclassified (Gonzalez & Knudson, 1988) .
Blot hybridization represents a useful predictor of when viruses will reassort their genes in mixed infections in vitro. For example, gene reassortment was demonstrated only among isolates in which the majority of the genes were highly related. In addition, only intra-serogroup reassortment has been demonstrated between members of the Wallal serogroup and between members of the bluetongue serogroup Kahlon et al., 1983) . Although the degree of cross-hybridization necessary for reassortment to occur has not yet been defined precisely, these results suggest that RNA-RNA blot hybridization has predictive value. When other Orbivirus serogroups are examined similarly, the reliability of the approach will be established.
The EHD serogroup isolates exhibited similar agarose profiles, the majority of their genes exhibited high conservation in sequence by RNA-RNA blot hybridization, and they were capable of gene reassortment in vitro. Thus, these isolates may represent a common gene pool. The EHD serogroup isolates, BTV-10 and Pata virus cross-react at low levels in serological tests (Borden et al., 1971) , exhibit distinct agarose profiles, are distantly related by RNA-RNA blot hybridization, and did not reassort genes. These data suggest that these viruses represent three distinct gene pools in nature. Although bluetongue and EHD serogroups may overlap in their geographical distribution, these sympatric gene pools remain distinct genetically and their distant relationship is indicative of their common ancestry. Thus, an Orbiv&us serogroup or gene pool may be defined as a collection of isolates which exhibit high levels of CF cross-reactivity, which show high sequence conservation in the majority of their genes, and which reassort cognate genes in vitro.
